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During t h e  p a s t  s e v e r a l  yea r s ,  t h e  NASA Lewis Research Center has  con- 
ducted a  program t o  achieve  high open-circui t  v o l t a g e  Voc i n  s i l i c o n  s o l a r  
c e l l s .  To d a t e ,  t h r e e  c e l l  designs have been developed under t h i s  program and 
air-mass-zero (AMO) open-c i rcu i t  vo l t ages  of approximately 645 m i l l i v o l t s  have 
been achieved. Although t h e  program has been d i r e c t e d  p r imar i ly  toward dem- 
o n s t r a t i n g  increased  Voc, t h e  e f f e c t s  of t h e  p a r t i c u l a t e  space r a d i a t i o n  envi- 
ronment on c e l l  performance a r e  an ever  p re sen t  concern. Hence, we have de t e r -  
mined t h e  performance, a f t e r  exposure t o  1-MeV-electron i r r a d i a t i o n s ,  of t h e  
t h r e e  c e l l  designs emerging from t h i s  program. 
EXPERIMENTAL PROCEDURE 
The s a l i e n t  f e a t u r e s  of t h e  c e l l s  a r e  given i n  t a b l e  I. The ion-implanted 
and high-low e m i t t e r  (HLE) c e l l s  have thermally grown s i l i c o n  d ioxide  (Si02)  on 
t h e i r  f r o n t  su r f aces ;  t h e  d i f fused  c e l l s  have no f ront -sur face  oxide. The oxide  
on t h e  HLE c e l l s  was formed by us ing  a  temperature-time schedule t h a t  r e s u l t s  
i n  a  n e t  p o s i t i v e  charge,  i n  t h e  oxide ,  nea r  t h e  oxide-s i l icon  i n t e r f a c e  
( r e f .  1 ) .  The p o s i t i v e  oxide charge induces an accumulation l a y e r  a t  t h e  s i l -  
icon s u r f a c e  and thus  e s t a b l i s h e s  t h e  n+n high-low emitter junc t ion .  
P r e i r r a d i a t i o n  AM0 parameters a r e  l i s t e d  i n  t a b l e  11. Dif fus ion  l eng ths  
were measured by an X-ray e x c i t a t i o n  technique wi th  250-keV X-rays ( r e f .  2 ) ;  
t he  AMO-current-voltage measurements were obta ined  wi th  a xenon-arc s o l a r  
s imula tor .  S p e c t r a l  response d a t a  were obta ined  by us ing  a  f i l t e r -whee l  s o l a r  
s imula tor  ( r e f .  3 ) .  Both X- and e l e c t r o n  i r r a d i a t i o n  r e s u l t  i n  changes i n  
oxide charge ( r e f s .  4  and 5 ) .  Therefore,  only one of each p a i r  of oxide- 
coated c e l l s  w a s  exposed t o  X- i r rad ia t ion  f o r  d i f f u s i o n  l eng th  measurement. 
However, a l l  c e l l s  were exposed t o  1-MeV-electron i r r a d i a t i o n s  t o  a  maximum 
f luence  of 1015 cm-2. 
RESULTS AND DISCUSSION 
A t y p i c a l  d a t a  p l o t  used t o  determine t h e  d i f fus ion - l eng th  damage c o e f f i -  
c i e n t  i s  shown i n  f i g u r e  1. Table I11 summarizes t h e  damage c o e f f i c i e n t s  
obtained f o r  each c e l l  design.  Comparison wi th  previous  damage c o e f f i c i e n t  
eva lua t ions  ( r e f .  6) i n d i c a t e s  t h a t  t h e  damage c o e f f i c i e n t s  ob ta ined  f o r  t h e  
present  high-Vo, c e l l s  a r e  t y p i c a l  of 0.1-ohm-cm p-type s i l i c o n .  
P l o t s  of normalized s h o r t - c i r c u i t  cu r r en t  Is, and Voc a s  a  func t ion  
of 1-MeV-electron f luence  a r e  shown i n  f i g u r e s  2 and 3 ,  r e spec t ive ly .  Data 
f o r  a  10-ohm-cm c e l l  a r e  included f o r  comparison. This  c e l l  showed a decrease  
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i n  output  t y p i c a l  of t h a t  r e s i s t i v i t y .  I n  gene ra l ,  performance degradat ion un- 
der  i r r a d i a t i o n  was h ighes t  f o r  t h e  HLE c e l l s ,  w i th  t h e  g r e a t e s t  degradat ion 
being noted f o r  t h e  X-rayed HLE c e l l .  For t h e  ion-implanted c e l l s ,  t h e r e  was 
no measurable d i f f e r e n c e  between t h e  X-rayed and non-X-rayed c e l l  performance. 
Both d i f f u s e d  and ion-implanted c e l l  designs degraded a t  approximately t h e  same 
r a t e .  The Is, and Voc degrada t ion  d a t a  f o r  t h e  HLE c e l l s  appear t o  be anom- 
a lous  because t h e  d i f fus ion - l eng th  damage c o e f f i c i e n t  K is approximately t h e  
same f o r  a l l  c e l l  designs.  However, K is  l a r g e l y  a  measure of t h e  degradat ion 
occurr ing  i n  t h e  c e l l s  base region.  Hence, i n  a t tempt ing  t o  understand t h e  ob- 
served  increased  degradat ion of t h e  HLE c e l l s ,  we must cons ider  damage occurr ing  
i n  t h e  e m i t t e r  and oxide i n  a d d i t i o n  t o  t h a t  occurr ing  i n  t h e  base region.  
The sources  of Is, degradat ion a r e  c l a r i f i e d  by p l o t s  of t h e  normalized 
shor t -  and long-wavelength s p e c t r a l  response shown i n  f i g u r e s  4 and 5. Since 
s i g n i f i c a n t  Isc degradat ion of t h e  HLE c e l l s  occurs  a t  bo th  long- and shor t -  
wavelengths,  we concluded t h a t  Is, degrada t ion  of t h e  HLE c e l l s  occurs  i n  both  
p-type base  and n-type emi t t e r .  On t h e  o t h e r  hand, Is, degradat ion of t h e  
ion-implanted and d i f fused  c e l l s  occurs  predominantly a t  long wavelengths and 
t h e r e f o r e  predominantly i n  t h e  base reg ion .  This  tends  t o  exp la in  t h e  observed, 
r e l a t i v e l y  h igher  Is, degradat ion i n  t h e  HLE c e l l s  d e s p i t e  t h e  approximate 
e q u a l i t y  of K va lues  f o r  a l l  c e l l  des igns .  
Calcu la t ions  a r e  i n  progress  t o  determine t h e  c e l l  reg ion  i n  which Voc 
degradat ion occurs .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  Voc degrada t ion  occurs  
predominantly i n  t h e  e m i t t e r  region f o r  t h e  HLE c e l l s  and i n  t h e  base reg ion  
f o r  t he  ion-implanted and d i f fused  c e l l s .  
For t h e  HLE c e l l s ,  one source of t he  increased  Isc and Voc degradat ion 
under i r r a d i a t i o n  is  t h e  use of a  r e l a t i v e l y  deep (10 pm), n-type emi t t e r .  The 
damage c o z f f i c i e n t  f o r  n-type s i l i c o n  i s  an o rde r  of masnitude g r e a t e r  than  
t h a t  f o r  p-type s i l i c o n  ( r e f .  7) .  Since about 75 percent  of t h e  incoming op t i -  
c a l  r a d i a t i o n  i s  absorbed i n  t h e  10-micrometer-wide HLE n-region, t h e  inc reased  
s u s c e p t i b i l i t y  of n-type s i l i c o n  t o  r a d i a t i o n  damage i s  r e f l e c t e d  i n  t h e  in- 
creased degradat ion noted f o r  t h e  HLE c e l l s  under 1-MeV-electron i r r a d i a t i o n .  
Thus, a  l a r g e  l o s s  i n  t h e  b lue  s p e c t r a l  response would be  expected and was 
observed . 
Another source  of increased  degradat ion of t h e  HLE c e l l s  i s  t h e  u s e  of a  
charged oxide. It has  been e s t a b l i s h e d  t h a t  i on iz ing  r a d i a t i o n  a f f e c t s  t h e  
charge s t a t e  of Si02 ( r e f s .  4 and 5) .  Hence, so t h a t  t h e  e f f e c t s  of t h e  X- 
i r r a d i a t i o n  on t h e  charged oxide  c e l l s  could b e  explored,  an  a d d i t i o n a l  HLE 
c e l l  was exposed t o  250-keV X-rays f o r  5  minutes ,  and i t s  performance para- 
meters  were determined a s  a  func t ion  of t ime a f t e r  i r r a d i a t i o n  f o r  t i m e s  t o  54 
days ( f i g .  6 ) .  A t  t h i s  t ime,  Voc had degraded by 2 . 3  percent  and Isc by 
approximately 7 percent .  These r e s u l t s  c l e a r l y  show t h a t  t h e  X- i r rad ia t ion  
causes performance degradat ion over and above t h a t  caused by e l e c t r o n  i r r a d i a -  
t i o n .  S ince  X-rays do n o t  damage t h e  s i l i c o n  but  a r e  known t o  damage t h e  oxide  
( r e f s .  4 and 5 ) ,  t h e  performance degradat ion shown i n  f i g u r e  6 is  c l e a r l y  a t -  
t r i b u t a b l e  t o  oxide degradat ion.  
The Is, degrada t ion  shown i n  f i g u r e  6 i s  i n s u f f i c i e n t  t o  account f o r  t h e  
d i f f e r e n c e  i n  t o t a l  sho r t - c i r cu i t - cu r r en t  degrada t ion  between t h e  X-rayed and 
non-X-rayed c e l l s  a f t e r  i r r a d i a t i o n  by 1-MeV e l e c t r o n s  ( f i g .  2) .  One source  of  
t h e  added Is, degrada t ion  could be synergism between t h e  e f f e c t s  of X- and 
e l e c t r o n  i r r a d i a t i o n s .  Another p o s s i b l e  source  of t h e  added degrada t ion  could 
be a  d i f f e r e n c e  i n  t h e  q u a l i t y  of t h e  s i l i c o n  c o n s t i t u t i n g  t h e  e m i t t e r s  of t h e  
two HLE c e l l s  of f i g u r e  2. 
CONCLUSIONS 
The r e s u l t s  of t h e  NASA Lewis Research Center program t o  achieve  h igh  
Voc i n  s i l i c o n  s o l a r  c e l l s  show t h a t  c e l l s  w i t h  a r e l a t i v e l y  deep n-type emit- 
t e r  (high-low e m i t t e r  (HLE) design)  a r e  more s u s c e p t i b l e  t o  r a d i a t i o n  damage 
than o t h e r  high-Voc c e l l  designs.  Use of d i f f u s e d  o r  ion-implanted junc t ions  
l eads  t o  high-Voc c e l l  designs t h a t  a r e  l e s s  s u s c e p t i b l e  t o  r a d i a t i o n  damage. 
These l a t t e r  two types of c e l l s  show degrada t ions  t h a t  a r e  t y p i c a l  of t h e  0.1- 
ohm-cm m a t e r i a l  from which they a r e  f a b r i c a t e d .  Furthermore, exposure t o  
i on iz ing  r a d i a t i o n  causes oxide degrada t ion  and decreased c e l l  performance i n  
c e l l s  t h a t  depend on a charged oxide t o  achieve  s i g n i f i c a n t  c e l l  p rope r t i e s .  
Hence, t h e  combination of a  charged oxide and a r e l a t i v e l y  deep n-type e m i t t e r  
is  not  recommended f o r  i nco rpora t ion  i n t o  a  c e l l  designed f o r  u se  i n  t h e  par- 
t i c u l a t e  r a d i a t i o n  environment of space.  
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TABLE I. - TYPES OF HIGH-OPEN-CIRCUIT-VOLTAGE CELLS 
[Base r e s i s t i v i t y  % 0.1 ohm-cm; a l l  c e l l s  n  on p . ]  
Oxide 
Oxide depth ,  urn 
n-layer depth,  um 
C e l l  t h i c k n e s s ,  urn 
I o n  
implanted 
High-low e m i t t e r  
S i02  + charge 
n e a r  i n t e r f a c e  
Di f fused  
None 
TABLE 11. - PRE-ELECTRON-IRRADIATION AM0 CELL PARAMETERS 
C e l l  
type  
Ion  implanted 
Di f fused  
HLE 
TABLE 111. - DIFFUSION-LENGTH DAMAGE COEFFICIENTS 
(a)  P r e s e n t  d a t a  
C e l l  type  
Ion implanted 
Diffused 
HLE 
Open- 
c i r c u i t  
v o l t a g e ,  
vocy 
mv 
636 
636 
626 
623 
634 
640 
Dif fus ion- length  
damage c o e f f i c i e n t ,  
K 
8 x 1 0 ~ ~ ~  
9 x 1 0 ~ ~ ~  
1 0 x 1 0 - ~ ~  
Short- 
c i r c u i t  
c u r r e n t ,  
Is,' 
rnil/crn2 
34.4 
35.5 
20.3 
19.8 
31.2 
28.6 
(b) Previous  d a t a  - 0.1-ohm-cm c e l l s  
Research 
Srour,  e t  a l .  ( r e f .  6 ) ,  1974 
Lewis d a t a  (unpublished),  1973 
Maximum 
power, 
Pmax, 
mw/cm2 
14.4 
14.5 
9.3 
9.2 
13.5 
1 4  
Dif fus ion- length  
damage c o e f f i c i e n t ,  
K 
7x10-~O t o  8x10-lo 
9x10-'O 
F i l l  
f a c t o r ,  
percent  
65.8 
64.1 
73.3 
74.4 
68 
76.5 
Pre- 
i r r a d i a t i o n  
d i f f u s i o n  
l e n g t h ,  
Lo 9 
um 
--- 
158 
279 
158 
--- 
4 7  
X- i r rad ia ted  
Yes 
X 
X 
X 
X 
No 
X 
X 
1 MEV ELECTROY FLUENCE (CN-2) 
Figure 1. - Diffusion length as function of fluence for ion-implanted cell. 
\o HLE (X-RAYED) 
1 MEV ELECTRON FLUENCE ( ~ 1 . 1 ~ ~ )  
Figure 2. - Normalized I,, versus electron fluence. 
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Figure 3. - Normalized V, electron fluence. 
1 MEV ELECTRON FLUENCE (CM-2) 
Figure 4. - Normalized spectral response at short wavelength. Wavelength, 0.45 micrometers. 
1 MEV ELECTRON FLUENCE CM-2 
Figure 5. - Normalized spectral response at long wavelength (0.9 pm) 
after irradiation with 1-MeV electrons. 
Figure 6. - Voltage and current decay in  HLE cell exposed to 
x-irradiation only. 
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